Introduction
Long-term potentiation (LTP) is a form of synaptic plasticity proposed as a cellular mechanism of memory formation. In the CA1 region of the hippocampus, a region in which this form of plasticity has been most extensively examined, a number of required molecular processes have been identified, including the opening of NMDA-type glutamate receptors (NMDA-Rs) and the consequent rise in intracellular calcium (Bliss et al., 2003) . At early postnatal stages (before postnatal day 9 [P9]), potentiation-inducing stimuli act through PKA (Esteban et al., 2003; Yasuda et al., 2003) to drive GluR4-containing AMPA receptors (AMPA-Rs) into synapses (Zhu et al., 2000) and enhance transmission. As neurons mature, calcium/calmodulin-dependent protein kinase II (CaMKII) becomes central to the regulation of glutamatergic synapses, and LTP requires Ca 2+ /CaM activation of CaMKII (Bliss et al., 2003; Lisman et al., 2002) . Upon activation, CaMKII can translocate to synapses (Otmakhov et al., 2004b; Shen and Meyer, 1999; Strack et al., 1997) and bind to NMDA-Rs (Bayer et al., 2001; Leonard et al., 1999; Strack et al., 2000) . However, the physiological role of the association between active CaMKII and NMDA-Rs has not been elucidated.
Biochemical studies have demonstrated a highaffinity binding between the catalytic domain of CaMKII and the C tail of NR2B subunit of the NMDA-R (Bayer et al., 2001; Leonard et al., 1999; Mayadevi et al., 2002; Strack and Colbran, 1998; Strack et al., 2000) . CaMKII phosphorylates NR2B in vitro and in vivo (Omkumar et al., 1996) , and both proteins coimmunoprecipitate (Kim et al., 2005) in a Ca 2+ /CaM-dependent manner (Leonard et al., 1999; Strack and Colbran, 1998; Strack et al., 2000) . Interestingly, interaction of CaMKII and NR2B initially requires Ca 2+ /CaM to expose the catalytic site, and then renders the enzyme constitutively active independently of its phosphorylation state, suppresses inhibitory autophosphorylation, and increases the affinity of CaM for the enzyme (Bayer et al., 2001) . Given that persistently active CaMKII can mimic LTP (Lledo et al., 1995; Pettit et al., 1994) , the association between NMDA-Rs and active CaMKII could be a key component of the persistently enhanced transmission (Lisman et al., 2002) . Furthermore, binding of CaMKII to NR2B may permit cooperative functions between NR2A and NR2B required for plasticity (Kim et al., 2005) .
Molecular studies have mapped interaction sites between active CaMKII and NMDA-Rs. Mutational studies indicate that active CaMKII through its catalytic domain binds to the region around Ser1303 of NR2B (Bayer et al., 2001; Leonard et al., 1999; Mayadevi et al., 2002; Strack et al., 2000) . A second binding site on NR2B that requires previous autophosphorylation of CaMKII at Thr286 has been proposed and could help to stabilize the interaction (Bayer et al., 2001) . Also, binding of autophosphorylated CaMKII to the NR1 C tail has been observed in vitro (Leonard et al., 2002 ; but see Strack and Colbran, 1998) . Interestingly, despite the high homology between NR2B and NR2A (Ishii et al., 1993; Monyer et al., 1992) , active CaMKII shows decreased affinity toward the NR2A subunit C tail (Leonard et al., 1999; Mayadevi et al., 2002; Strack and Colbran, 1998; Strack et al., 2000) , and this has been mapped to a nonconserved Ile-Asn motif at position 1286-1287 of NR2A (Mayadevi et al., 2002 ) (see Figure 4A ) These detailed analyses provide molecular strategies to test the impact of the association between NMDA-Rs and CaMKII on synaptic function.
The difference in the affinity of active CaMKII to NR2A and NR2B NMDA-R subunits is intriguing, since many brain regions demonstrate changes at synapses from predominantly containing NR2B to predominantly containing NR2A (Monyer et al., 1994; Sheng et al., 1994) . This change in synaptic composition of NMDA-R subtype can be driven by activity (Barria and Malinow, 2002) , experience (Mierau et al., 2004; Philpot et al., 2001; Quinlan et al., 1999b) , or learning (Quinlan et al., 2004) . The faster kinetics of NR2A-containing receptors allows less Ca 2+ entry and this could effect reduced LTP (Carmignoto and Vicini, 1992; Crair and Malenka, 1995; Quinlan et al., 2004) . However, a causal relation between changes in NMDA-R currents and reduced LTP has been difficult to establish (Barth and Malenka, 2001; Crair and Malenka, 1995; Lu et al., 2001; Quinlan et al., 2004; Yoshimura et al., 2003) , and differential interactions between signaling complexes and NMDA-Rs subunits have been proposed to play important roles (Barth and Malenka, 2001; Kim et al., 2005; Kohr et al., 2003; Yoshimura et al., 2003) . In mature animals, some brain regions (e.g., the hippocampus) contain predominantly NR2A, and both NMDA-R subtypes may play important roles in LTP (Ito et al., 1996; Kim et al., 2005; Sakimura et al., 1995) .
Different forms of neuronal activity can trigger synaptic plasticity (Dan and Poo, 2004; Lisman, 2003; Malenka and Bear, 2004; Turrigiano and Nelson, 2004) . In organotypic slices, spontaneous activity over the course of days can drive AMPA-Rs into synapses ; here termed spontaneous activity-driven potentiation [SAP] ). This form of plasticity can be blocked if slices are maintained in a medium containing elevated Mg 2+ , which acts to reduce spontaneous activity (Kolleker et al., 2003; . However, the nature of synaptic changes or the underlying signaling has not been well characterized.
In this study, we consider the role of the association between active CaMKII and NMDA-Rs in plasticity. We use organotypic slices of an age at which LTP depends on CaMKII activity and NR2B function. We find that acute replacement of synaptic NR2B with NR2A decreases LTP and SAP. Interestingly, the decreased LTP and SAP can be partially or completely reversed, respectively, by mutations on NR2A that enhance association with active CaMKII. Finally, mutations of NR2B that prevent association to active CaMKII also block LTP and SAP. We conclude that the association between active CaMKII and NR2B is required for some forms of activity-driven synaptic potentiation.
Results

NR2B Function and LTP in Organotypic Slices
Previous studies indicate that the NR2B subunit makes a dominant contribution to LTP in the CA1 region of acute hippocampal slices from juvenile animals (2-3 weeks postnatal) (Ito et al., 1996; Kohr et al., 2003) . 2+ -free ACSF in the presence of NBQX (2 mM). Two independent pathways per cell were stimulated at different frequencies (closed circle = 0.3 Hz, n = 12; open circle = 0.05 Hz, n = 12), and after 5 min of baseline, ifenprodil (3 mM) was added to the bath. Similar results were obtained at +40 mV in regular ACSF (data not shown). (Inset) Sample traces (average of ten) taken before ifenprodil, or after 10 or 20 min of drug application. (C) Blockade of NR2B-containing receptors blocks LTP. NMDA-R EPSCs were monitored for 20 min at a sampling rate of 0.3 Hz during application of ifenprodil (3 mM). After the blockade was complete, whole-cell access was obtained from an adjacent cell, and LTP was induced within 3-5 min of gaining access. LTP was induced by pairing 3 Hz stimulation and 0 mV depolarization for 1.5 min. We interleaved slices treated with DMSO as a control. After the protocol for ifenprodil blockade was established, a series of experiments were done blind. Here, we used hippocampal slices prepared at P6-P7 and maintained in organotypic culture for 7-8 days. In this tissue, LTP is readily obtained by pairing postsynaptic depolarization with presynaptic stimulation of afferent axons and produces a 2-to 3-fold increase in synaptic transmission ( Figures 1A, 1C, 3A , and 9C). This LTP requires activation of CaMKII, as KN-93, an inhibitor of CaMKII, blocks potentiation (Figures 1A and 1D ; also see Lisman et al., 2002; Zhu et al., 2000) .
To test the role of NR2B, we first examined the contribution of NR2B-containing receptors to the NMDA-R excitatory postsynaptic current (EPSC). We used ifenprodil, a noncompetitive and use-dependent NR2B-selective blocker (Williams, 1993) . Pharmacologically isolated NMDA-R EPSCs were depressed by 70%, and the block progressed more quickly if transmission was evoked more frequently, confirming the use-dependent nature of the drug (Williams, 1993) . We thus estimate that NR2B-containing receptors are responsible for up to 70% of the NMDA-R EPSC in this tissue (Figure 1B and Barria and Malinow, 2002) . Since ifenprodil exhibited a very slow and frequency-dependent blockade of NMDA-R EPSCs ( Figure 1B ) in slices tested for LTP, we first confirmed that NR2B receptors were blocked by the drug. We obtained a whole-cell recording from a neuron and monitored NMDA-R currents by measuring responses at a depolarized holding potential. Ifenprodil was bath applied, and stimuli were delivered. In general, 20 min of stimuli at 0.3 Hz produced a maximal blockade. At this point, we were confident that NR2B-containing receptors had been blocked in the slice. We obtained whole-cell recordings from another neuron and tested for LTP at the pathway that had been stimulated in the presence of ifenprodil. In these conditions, LTP was completely blocked ( Figures 1C and 1D ). To control for the possibility that prestimulation of a pathway had an effect on LTP, a control group of slices was exposed to the same protocol, but no ifenprodil (only vehicle) was bath applied. In these cases, LTP was normal ( Figures 1C and 1D) .
In organotypic slices, spontaneous activity over the course of days (from 4 days in vitro [div] to 7 div) can drive AMPA-Rs into synapses (Kolleker et al., 2003; . Here, we found that a similar protocol (maintaining slices in normal medium) promoted synaptic potentiation (SAP) characterized by a large increase in frequency (Figures 2A and 2B ) and a modest increase in amplitude ( Figure 2C ) of spontaneous miniature excitatory responses (mEPSCs). Reducing spontaneous activity with elevated levels of Mg 2+ in the incubation medium between 4 div and 7 div blocks SAP (Figures 2A-2C ) and synaptic incorporation of AMPA-Rs (Kolleker et al., 2003; . We found that incubating slices with ifenprodil or KN-93 also blocks the large increase in mEPSC frequency ( Figure 2D ). Ifenprodil and KN-93 have no significant effect on mEPSC amplitude (control = 15.36 6 0.43 pA, n = 5 cells; ifenprodil = 13.77 6 0.76 pA, n = 6 cells, p = 0.09; KN-93 = 15.52 6 0.72 pA, n = 6 cells, p = 0.85), suggesting that other signaling mechanisms activated by spontaneous activity affect mEPSC amplitude. These results indicate that, in organotypic slices at this age, as with acute hippocampal slices of comparable ages (Ito et al., 1996; Kohr et al., 2003) , NR2B function is necessary for LTP as well as for SAP.
Replacement of Synaptic NR2B with NR2A Reduces Synaptic Plasticity
We have previously shown that expression of recombinant NR2A and NR1 in organotypic hippocampal neurons for 2-3 days drives a switch of endogenous synaptic NR2B-containing receptors for recombinant NR2A/ NR1 receptors (Barria and Malinow, 2002) . This switch results in a decrease of AMPA-R and NMDA-R transmission (Figures 6A and 6B, respectively, left panels) and a decrease in the decay time of NMDA-R responses (Figure 3B; and Barria and Malinow, 2002) . In contrast, expression of NR2B does not affect AMPA-R or NMDA-R transmission (Figures 9A and 9B, left panels) or change the decay time of NMDA-R EPSCs ( Figure 7D , left panel; and Barria and Malinow, 2002) . Driving the NR2B-to-NR2A switch by expression of NR2A/NR1 in neurons markedly reduced LTP, compared to nontransfected or NR2B/NR1-transfected neurons ( Figures 3A and 3D) . A more robust LTP induction protocol could produce plasticity in cells expressing recombinant NR2A/NR1, although this was still significantly less than that in nontransfected or NR2B/NR1-transfected neurons ( Figures  3C and 3D ).
We also tested the effects of the NR2B-to-NR2A switch on synaptic enhancement that is triggered in organotypic slices by 2-3 days of spontaneous activity (SAP) (Kolleker et al., 2003; . As noted above, neurons overexpressing NR2A/NR1 for 2-3 days displayed reduced AMPA-R-mediated currents compared to neighboring, nontransfected neurons ( Figure  6A , left panel). To test if this was an effect on SAP, we transfected slices with NR2A/NR1 and maintained the slices in the presence of elevated extracellular Mg 2+ . Under these conditions, neurons expressing NR2A/ NR1 displayed NMDA-R-mediated currents with faster decay kinetics (control cell = 88.6 6 4.1 ms, n = 16; NR2A high Mg 2+ = 64.1 6 4.1 ms, n = 11; Figure S1 in the Supplemental Data available with this article online) confirming synaptic incorporation of recombinant NR2A receptors. Notably, AMPA-R-mediated synaptic currents in transfected cells maintained in high Mg 2+ were of equal magnitude to nearby nontransfected cells (Figure 6A, middle panel) . This result suggests that NR2A/ NR1 expression, just like incubation in high Mg 2+ , blocked SAP. These results indicate that inducing a switch of synaptic NR2B-containing NMDA-Rs with those containing NR2A reduces LTP and SAP.
NR2A Mutant with Enhanced CaMKII Binding Rescues Synaptic Plasticity
Neurons expressing recombinant NR2A display synaptic NMDA-R currents reduced in amplitude ( Figure 6B , left panel) and with faster decay time ( Figure 3B ; see also Figure 6 in Barria and Malinow, 2002) . The resulting smaller calcium influx could be responsible for the reduced plasticity observed. However, recent studies suggest that differential binding of signaling molecules to the intracellular C tails of NR2 subunits could explain the different effects of NR2 subunits on synaptic plasticity (Barth and Malenka, 2001; Kim et al., 2005; Kohr et al., 2003; Yoshimura et al., 2003) . Indeed, biochemical assays indicate that NR2B has higher affinity than NR2A for active CaMKII (Leonard et al., 1999; Mayadevi et al., 2002; Strack and Colbran, 1998; Strack et al., 2000) .
We wished to test if the reduced affinity of active CaMKII for NR2A could account for the diminished plasticity observed in neurons expressing recombinant NR2A. We generated a mutant form of NR2A, NR2A DIN ( Figure 4A ), which has increased interaction with active CaMKII in a biochemical assay (Mayadevi et al., 2002) . We reasoned that if binding by active CaMKII to NR2A was responsible to the decreased plasticity, this mutant NR2A should rescue LTP and SAP.
We first tested if this subtle modification of the cytoplasmic tail of NR2A modified the Mg 2+ block of NMDA currents in transfected BHK cells. Expression of NR2A DIN or NR2A wild-type (wt) with NR1 displayed similar I/V relations ( Figure 4B ) indicating no effect of the mutation on the Mg 2+ block of NMDA currents. To test for synaptic insertion of NR2A DIN, we examined the kinetics of decay of NMDA-R EPSCs in neurons expressing NR2A DIN and NR1. This mutant changes the kinetics of NMDA-R EPSCs ( Figure 4C ) to a similar extent as expression of NR2A wt and NR1; therefore, we concluded that NR2A DIN is delivered to synapses to the same extent as NR2A wt (Barria and Malinow, 2002) .
Using an immunohistochemical assay, we next examined if the increased interaction of the mutant NR2A with active CaMKII previously shown in biochemical studies can be observed in heterologous cells and neurons. Initially, we coexpressed CaMKII, NR1, and either GFPtagged NR2A wt or GFP-tagged NR2A DIN in BHK cells. CaMKII was activated by application of NMDA/glycine, and cells were fixed and immunolabeled for CaMKII (see Experimental Procedures). Using dual channel twophoton laser scanning microscopy, we obtained a 3D stack of optical sections and assessed the pixel-by-pixel colocalization between CaMKII and the NR2 constructs (see Experimental Procedures). As shown in Figures  5A-5D , the colocalization between NR2A DIN and CaM-KII was significantly greater than that between NR2A wt and CaMKII. We next tested if such different behavior between wt and mutant NR2A could be observed with association to endogenous CaMKII in neurons. We expressed GFP-tagged NR2A wt or GFP-tagged NR2A DIN with NR1 in organotypic slice neurons. Endogenous CaMKII was activated by exposing slices to a solution mixture that has been shown to induce chemical LTP (Otmakhov et al., 2004a) . Slices were fixed and immunolabeled for endogenous CaMKII, and colocalization with recombinant NR2A was assessed in neuronal cell bodies as it was in BHK cells above. As shown in Figures 5C and  5D , the mutant NR2A DIN colocalized better with endogenous CaMKII than NR2A wt. We also assessed the association between NR2A constructs and endogenous CaMKII at dendritic spines (see Experimental Procedures). We found that, for a given amount of NR2 construct in spines, the ratio of CaMKII in spine to underlying dendritic region was increased in cells expressing NR2A DIN (Figures 5E and 5F ). We conclude that NR2A DIN displays greater interaction with active CaMKII than NR2A wt in neurons and in particular at synaptic sites.
Having shown that this mutant NR2A shows normal I/ V relations, is incorporated into synapses, and displays increased interaction with active CaMKII compared to NR2A wt at synaptic sites, we were prepared to test the effects on synaptic plasticity. First, we examined the effects on SAP. Neurons were transfected, and slices were maintained in normal medium for 2-3 days. In contrast to neurons expressing NR2A wt with NR1, neurons expressing NR2A DIN with NR1 showed the same level of AMPA-R transmission compared to nontransfected neighboring cells ( Figure 6A, right panel) . This result indicates that SAP was restored.
Next, we tested the effects on LTP. Notably, neurons expressing NR2A DIN and NR1 showed NMDA-Rmediated synaptic currents with reduced amplitude ( Figure 6B , right panel) and faster time course ( Figure  4C ), similar to the effects of expressing NR2A wt and NR1 ( Figure 6B, left panel) . This allowed a test of the effect of this mutant on LTP that was independent of Scale bar, 1 mm. (F) NR2A DIN increases the association of CaMKII at spines. Spines were identified using the green channel (GFPtagged NR2A subunit), and ROIs were placed in the spine and dendrite to calculate the total integrated fluorescence in each optical section in the stack that defines the structure. The amount of CaMKII in the spine is expressed as the ratio Spine Red/Dendrite Red and normalized to Spine Green. Notice that NR2A DIN increases the amount of CaM-KII in spines, compared to NR2A wt. Error bars represent standard error. the effect on NMDA-R currents. Neurons transfected with NR2A DIN and NR1 displayed significant potentiation when delivered an LTP-inducing protocol that produced no potentiation in neurons expressing NR2A wt and NR1 (Figures 6C and 6D) . These results indicate that enabling binding of active CaMKII to NR2A subunits is sufficient to restore, at least in part, these two forms of synaptic plasticity.
Binding of CaMKII to NR2B Is Necessary for Synaptic Plasticity
To determine if binding of active CaMKII to NR2B is required for SAP or LTP, we generated an NR2B construct containing a subtle mutation in its cytoplasmic tail, NR2B RS/QD ( Figure 7A ; see Experimental Procedures), which shows much reduced binding to active CaMKII in an in vitro assay (Strack et al., 2000) . We determined that this mutation does not impair the Mg 2+ block of NMDA currents in transfected cells ( Figure 7B ). To verify that NR2B RS/QD can be incorporated into synapses as functional receptors, we cotransfected this mutant subunit with an electrophysiologically tagged NR1 N598R (Barria and Malinow, 2002 ) into organotypic slices. NR2B RS/QD was incorporated into synapses to a level comparable to NR2B wt receptors ( Figure 7C ). As with NR2B wt (Barria and Malinow, 2002) , cotransfection of NR2B RS/QD and NR1 wt did not alter the kinetics of NMDA-mediated EPSCs ( Figure 7D ). Using imaging and immunohistochemistry as above, we showed that this mutation reduces NR2B association to recombinant and endogenous CaMKII in BHK cells and neurons, respectively ( Figures 8A-8D) . Notably, this reduced association was also observed at dendritic spines ( Figures  8E and 8F) .
Having shown that this mutant NR2B RS/QD displays normal I/V relations, is incorporated into synapses, and displays reduced association with CaMKII, we tested the effects of NR2B RS/QD on SAP and LTP. Slices were transfected with NR2B RS/QD and NR1 and maintained in culture for 2-3 days. In slices maintained in normal medium, and thus permitting SAP, expression of NR2B wt has no effect on AMPA-R-mediated synaptic currents ( Figure 9A , left panel), while expression of NR2B RS/QD depressed AMPA-R transmission compared to nearby nontransfected neurons ( Figure 9A , middle panel). However, if slices were maintained Interestingly, synaptic incorporation of NR2B RS/QD also reduced the amplitude of synaptic NMDA-Rmediated currents ( Figure 9B , middle panel), and this reduction was prevented by blockade of spontaneous activity ( Figure 9B, right panel) . This behavior of synaptic NMDA currents is consistent with the view that activity-driven increases in AMPA-R currents are followed with a several hour delay by increased NMDA-R function (Watt et al., 2004) ; interestingly, this behavior was not observed for the NR2A DIN mutant, suggesting that differences other than differential association to CaMKII between NR2A and NR2B are required. Under conditions where we blocked spontaneous activity (high Mg 2+ ), we could test specifically the effect of this mutant on LTP (since the amplitude of NMDA-R responses was similar in transfected and control neurons). LTP was blocked onto cells expressing NR2B RS/QD and NR1 wt compared to cells expressing NR2B wt and NR1 wt or nontransfected cells (Figures 9C and 9D) . These results indicate that binding of active CaMKII to NMDA-Rs is required to generate SAP as well as for LTP in this tissue.
Discussion
In this study, we have examined the role of the association between active CaMKII and NR2B in synaptic plasticity. We have chosen to examine plasticity in tissue where activation of CaMKII and activation of NR2B are required for LTP. This is an intermediate period in hippocampus between the early postnatal stage, in which CaMKII is not required (Esteban et al., 2003; Yasuda et al., 2003) , and adulthood, in which NR2A plays a dominant role (Kim et al., 2005; Kohr et al., 2003) . We monitored two forms of plasticity: that induced by pairing protocols (i.e., LTP) and that induced by 2-3 days of spontaneous activity (SAP). We find that replacement of synaptic NR2B with NR2A, which associates less avidly to active CaMKII, leads to reduced synaptic plasticity. This effect is due, at least in part, to a reduced association with active CaMKII, since subtle mutations in NR2A that reinstate association with active CaMKII rescue synaptic plasticity. Since expression of mutant NR2A does not fully restore LTP, other aspects of NR2A, such as the amplitude and kinetics of NMDA-R-mediated responses, or binding of other molecules to the NR2B C tail, are also likely to contribute to plasticity. The most direct experiments in this study that indicate a required association between CaMKII and NR2B for synaptic plasticity are those with mutant NR2B. Driving into synapses a mutant form of NR2B that has reduced association with active CaMKII also blocks synaptic plasticity. Both LTP and plasticity induced by spontaneous activity were affected in a similar manner by all experimental manipulations, indicating that both forms of synaptic plasticity require association of active CaMKII and NR2B.
While most experiments in this study were conducted with overexpressed receptors, it is likely that the same behavior is displayed by endogenous receptors for the following reasons. First, overexpression of NR2B drives this receptor subunit into synapses but does not alter synaptic transmission or synaptic plasticity. Second, subtle mutation of recombinant NR2A rescues plasticity that is blocked by overexpression of NR2A. Third, endogenous active CaMKII displays levels of colocalization with overexpressed recombinant NR2 subunits as predicted. And fourth, our results are consistent with the blockade of LTP by injection of the autoinhibitory peptide of CaMKII (Malinow et al., 1989) , a peptide homologous to the interacting site of endogenous NR2B (Bayer et al., 2001 ).
These results complement previous studies showing translocation of CaMKII into synaptic regions upon activation (Shen and Meyer, 1999; Strack et al., 1997) or during LTP (Otmakhov et al., 2004b) , and binding to NMDARs (Bayer et al., 2001; Leonard et al., 1999; Strack and Colbran, 1998; Strack et al., 2000) . Our results suggest that such translocation and binding to NR2B are necessary for LTP. The previously reported binding by CaMKII to other targets (Leonard et al., 2002; Walikonis et al., 2001 ) appears not to be sufficient for LTP induction, as the mutations that we introduced in NMDA-Rs are unlikely to perturb interactions between endogenous CaM-KII and other proteins. Binding of CaMKII to other targets (F) NR2B RS/QD decreases the association of CaMKII at spines. Spines were identified using the green channel (GFP-tagged NR2B subunit), and ROIs were placed in the spine and dendrite to calculate the total integrated fluorescence in each optical section in the stack that defines the structure. The amount of CaMKII in the spine is expressed as the ratio Spine Red/Dendrite Red and normalized to Spine Green. Notice that NR2B RS/ QD decreases the amount of CaMKII in spines, compared to NR2B wt. Error bars represent standard error. may stabilize its binding to NR2B subunits. Activated CaMKII, upon anchoring to NR2B subunits, could phosphorylate synaptic AMPA-Rs (Barria et al., 1997; Lee et al., 2000) and/or assemble insertion slots for newly delivered AMPA-Rs (Lisman et al., 2002) .
We have also shown that the switch from synaptic NR2B-containing receptors to NR2A-containing receptors, as occurs following sensory experience (Philpot et al., 2001; Quinlan et al., 1999a Quinlan et al., , 1999b and learning (Quinlan et al., 2004) , and during development (Carmignoto and Vicini, 1992; Monyer et al., 1994) , can decrease synaptic plasticity. Because NR2A-containing receptors produce faster (Flint et al., 1997; Monyer et al., 1994) and smaller EPSCs (Barria and Malinow, 2002) and thus less charge transfer, it has been hypothesized that these properties could be responsible for the reduced synaptic plasticity observed in cortex as animals develop (Carmignoto and Vicini, 1992; Crair and Malenka, 1995) or after learning (Quinlan et al., 2004) . However, the developmental change in the time course of NMDA-R-mediated EPSCs does not correlate well with reduced synaptic plasticity (Barth and Malenka, 2001; Yoshimura et al., 2003) . Here, we show that, independent of the effect on NMDA-R-mediated synaptic currents, NR2 subunits can regulate synaptic plasticity through their different affinity for activated CaMKII.
In adult brain regions that are dominated by NR2A expression and display LTP, such as the hippocampus, NR2B-and NR2A-containing NMDA-Rs may play an interactive role. Sufficient Ca 2+ entry to produce LTP may require activation of the dominant species, NR2A/NR1 receptors. Synaptic inclusion of NR2B subunit as either NR2B/NR1 or NR2A/NR2B/NR1 heteromeric channels (Blahos and Wenthold, 1996; Sheng et al., 1994) may be important to allow binding of active CaMKII to synaptic NMDA-Rs. While recent studies propose that activation of NR2A receptors solely controls induction of LTP (Liu et al., 2004; Massey et al., 2004) , this view has been challenged (Berberich et al., 2005) and is not consistent with our data indicating that NR2B activation is necessary to induce LTP and SAP. We conclude that NR2B-containing receptors play a crucial role in synaptic plasticity by recruiting to the synapse CaMKII, a key component of the underlying signaling transduction pathway. 
Experimental Procedures
Constructs and Expression of Recombinant Receptors
Most constructs used in this study have been previously described (Barria and Malinow, 2002) . The NR2B mutant NR2B RS/QD was generated by substituting Arg1300 and Ser1303 with Gln and Asp, respectively, using PCR. The NR2A mutant NR2A DIN was generated by deleting Ile1286 and Asn1287 of NR2A, using PCR. Organotypic hippocampal slices (4-5 days in culture) from P6-P7 SpragueDawley rats were transfected with a gene gun (BioRad), and proteins were expressed for w72 hr.
Electrophysiology
Whole-cell recordings were obtained from transfected or nontransfected neurons in the CA1 region under visual guidance using epifluorescence and transmitted light illumination. The recording chamber was perfused with artificial cerebrospinal fluid (ACSF) containing 119 mM NaCl, 2.5 mM KCl, 4 mM CaCl 2 , 4 mM MgCl 2 , 26 mM NaHCO 3 , 1 mM NaH 2 PO 4 , 11 mM Glucose, 0.1 mM picrotoxin, and 1 mM 2-chloroadenosine (pH 7.4) and gassed with 5% CO 2 /95% O 2 . Recordings were made at 27ºC. Patch recording pipettes (w4 MU) were filled with intracellular solution containing 115 mM cesium methanesulfonate, 20 mM CsCl, 10 mM HEPES, 2.5 mM MgCl 2 , 4 mM Na 2 ATP, 0.4 mM Na 3 GTP, 10 mM sodium phosphocreatine, and 0.6 mM EGTA (pH 7.25). Evoked responses were induced using bipolar electrodes placed on Schaffer collateral pathway. LTPinducing stimuli were delivered within 3-5 min after gaining wholecell access. Approximately one-half of experiments were done and analyzed blind with respect to construct expressed. Results were similar and thus pooled with nonblind results. Asterisk indicates statistical significance for Student's t test with p < 0.01.
For the pharmacological analysis of NMDA-R EPSC composition, slices from P6-P7 animals were cultured for 9-11 days. NMDA-R EPSCs were recorded at room temperature in the presence of 2 mM NBQX at +40 mV in normal ACSF, or at 260 mV in Mg 2+ -free ACSF. LTP was induced in slices treated with 3 mM ifenprodil or DMSO. A group was done blind with respect to the drug added. Since results were similar, experiments were pooled together. I/V curves were obtained by whole-cell recording from transfected BHK cells (Lipofectamine 2000, Invitrogen) using a Cs-based intracellular solution and ACSF with 4 mM Mg 2+ in the bath. Responses at different holding potentials were evoked with brief pulses of glutamate (100 mM) and glycine (50 mM). Spontaneous responses (mEPSCs) were recorded at room temperature in the presence of 1 mM TTX and 0.1 mM picrotoxin and analyzed using Mini Analysis Program (Synaptosoft).
Colocalization of CaMKII and NMDA-R BHK cells were transfected with CaMKII, NR1 wt, and different NR2 subunits using Lipofectamine 2000 (Invitrogen). Cells were incubated in the presence of APV (100 mM) for 48 hr and then washed, stimulated with NMDA/glycine (100/10 mM) for 10 min, and fixed with 4% paraformaldehyde and 4% sucrose. CaMKII was labeled with Texas red (Vector Laboratories) using monoclonal anti-CaMKII antibody (Abcam, ab2725). Several sections in the Z plane were acquired using a two-photon laser scanning microscope. Each section was smoothed with a tiled low-pass filter (10 3 10 pixels), and the value from the red channel was plotted against the value from the green channel. Values below 3 standard deviations of background on both channels were removed. Values were averaged, and outliers according to the green channel were removed (2 standard deviations above average). Finally, values were scaled according to the average, and a straight line was fitted using the least-squares method. The slope of the fitted line and the coefficient of correlation were calculated and used as a measure of correlation. To measure colocalization of recombinant NMDA-Rs and endogenous CaMKII in neurons, GFP-tagged receptors were expressed in CA1 pyramidal neurons from organotypic hippocampal slices (4-5 days in culture) from P6-P7 Sprague-Dawley rats and expressed for w72 hr. Slices were then stimulated with 100 nM rolipram, 100 mM forskolin, and 100 mM picrotoxin in ACSF containing 4 mM Ca 2+ and nominally free Mg 2+ for 16 min. Stimulation medium was then replaced with culture medium, and following a 10 min recovery period slices were fixed with 4% paraformaldehyde and 4% sucrose. Endogenous CaMKII was labeled with Texas red (Vector Laboratories) using monoclonal anti-CaMKII antibody (Abcam, ab2725). Colocalization of endogenous CaMKII and GFP-NMDA-Rs was analyzed in the cell body as described above for BHK cells. Spine colocalization was calculated by identifying spines using the GFP channel and manually positioning a rectangular region of interest (ROI) to cover fully the spine and another ROI in the adjacent dendrite (see example in Figure 5E ). Total integrated fluorescence (in arbitrary units) for both green and red channels was computed for each section in a stack, and background and leakage fluorescence were subtracted. Endogenous CaMKII at the spine was then expressed as the ratio Spine Red/Dendrite Red and normalized to Spine Green.
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